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ABSTRACT
Data from transit light curves, radial velocity and transit timing observations can
be used to probe the interiors of exoplanets beyond the mean density, by measuring
the Love numbers h2 and k2. The first indirect estimate of k2 for an exoplanet from
radial velocity and transit timing variations observations has been performed by taking
advantage of the years-spanning baseline. Not a single measurement of h2 has been
achieved from transit light curves, mostly because the photometric precision of current
observing facilities is still too low. We show that the Imaging Spectrograph instrument
on-board the Hubble Space Telescope could measure h2 of the hot Jupiter WASP-121b
if only few more observations were gathered. We show that a careful treatment of the
noise and stellar limb darkening must be carried out to achieve a measurement of h2.
In particular, we find that the impact of the noise modelling on the estimation of h2
is stronger than the impact of the limb darkening modelling. In addition, we empha-
size that the wavelet method for correlated noise analysis can mask limb brightening.
Finally, using presently available data, we briefly discuss the tentative measurement
of h2 = 1.39
+0.71
−0.81 in terms of interior structure. Additional observations would further
constrain the interior of WASP-121b and possibly provide insights on the physics of
inflation. The possibility of using the approach presented here with the Hubble Space
Telescope provides a bridge before the high-quality data to be returned by the James
Webb Space Telescope and PLATO telescope in the coming decade.
Keywords: HST photometry — Planets and Satellites: interiors — Planets and Satel-
lites: individual (WASP-121b)
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1. INTRODUCTION
Celestial bodies, and in particular planets or-
biting close to their Roche limit will deform in
response to tidal interactions with their host
star and, to a lower extent, to their own ro-
tation. The radial deformation of the planetary
outer shape can be quantified using the Love
number h2, while the redistribution of mass
within the planet can be expressed through the
Love number k2 (Love 1911). The perturbing
potential, Vp, is usually expressed as a sum of
harmonics of degree n, Vp,n:
Vp =
∞∑
n=2
Vp,n. (1)
For example, the tidal potential of degree n,
Vt,n, is equal to:
Vt,n =
Gms
d
(
Rp
d
)n
Pn(λ), (2)
where G is the gravitational constant, ms is the
stellar (i.e., perturber) mass, d is the center-to-
center distance, Rp is the mean planetary radius
(i.e., the radius the planet would have if it were
isolated and non-rotating), Pn is the Legendre
polynomial of degree n, and λ = sin θ cosϕ,
with θ and ϕ the colatitude and east longitude,
respectively.
Likewise, the resulting potential at the planet
Vr, and the total radial deformation ∆r can be
expressed as:
Vr =
∞∑
n=2
Vr,n (3)
∆r=
∞∑
n=2
∆rn (4)
The Love numbers of degree n, hn and kn are
defined as (Love 1911; Kopal 1959):
∆rn=hn
Vp,n
g
(5)
Vr,n=knVp,n, (6)
where g is the mean surface acceleration of the
unperturbed planet. The derivation of the Love
numbers depend on the planetary interior. In
case of hydrostatic equilibrium (i.e., the interior
behaves as a fluid), hn and kn only depend on
the radial density profiles, and there is a simple
relation hn = 1 + kn with 0 < kn < 1.5 (Munk
& MacDonald 1960). A value of 0 would de-
scribe a point-mass surrounded by a mass-less
envelope, while a value of 1.5 would represent a
homogeneous body. For instance, k2 ' 0.985 for
the fluid Earth (Lambeck 1980), and k2 ' 0.6
for Jupiter (Iess et al. 2018). While hydrostatic
equilibrium is a fair assumption for hot Jupiters
- since gas behaves as a fluid - it may not be
true for ice giants or rocky planets. In that case,
the Love numbers depend on additional interior
parameters such as rigidity and viscosity, and
on the timescale of the perturbation (Correia &
Rodr´ıguez 2013). In either case, the knowledge
of these numbers provides additional informa-
tion on planetary interiors (e.g., Baumeister et
al. 2019; Kellermann et al. 2018; Padovan et al.
2018). We usually focus on the second degree
Love numbers h2 and k2 because they are the
most sensitive to the interior and the easiest
to measure (Gavrilov & Zharkov 1977). There-
fore we have 0 < h2 < 2.5, where 0 represents
an infinitely rigid body (i.e., a non-deformable
sphere) while 2.5 describes a homogeneous fluid
body. The interior of WASP-121b is expected to
be in hydrostatic equilibrium since it is mainly
composed of gas, and the latter behaves as
a fluid. In addition, close-in giants are ex-
pected to be locked in a 1:1 spin-orbit resonance
(Ragozzine & Wolf 2009), a configuration for
which the linear approximation for the compu-
tation of the fluid Love numbers holds (Padovan
et al. 2018). In that case the theoretical range
of values for h2 is between 1 and 2.5. However,
non-linear effects may change the value of the
Love numbers by several percents (Wahl, Hub-
bard, & Militzer 2016, 2017). Accordingly, we
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opt for a less-biased wider prior for h2 which
can accommodate these a priori-unknown ef-
fects. We do not extend the upper bound on h2
over 2.5 because it is highly unlikely to have a
gas giant close to being homogeneous, since it
is mostly made of gas, which in the outer part
is very compressible.
It has been shown that k2 can be indirectly mea-
sured from radial velocity variations (RVVs)
and/or transit timing variations (TTVs) obser-
vations (Csizmadia, Hellard, & Smith 2019),
while h2 can be measured from transit light
curve (TLC) observations (Correia 2014; Akin-
sanmi et al. 2019; Hellard et al. 2019). Depend-
ing on the assumed system’s dynamics (e.g.,
stellar and planetary rotation rates, orbits), es-
timates of k2 recently became available for few
exoplanets (e.g., Buhler et al. 2016; Hardy et
al. 2017; Bouma et al. 2019; Csizmadia, Hel-
lard, & Smith 2019), while h2 has never been
measured from TLCs. This is because the pho-
tometric uncertainty of current telescopes is
still above the required levels. The upcoming
JWST (launch planned for 2021) and PLATO
(launch planned for 2026) missions will provide
accurate enough TLC observations to precisely
measure h2 (Hellard et al. 2019). In this paper
we show that, in the meantime, the Imaging
Spectrograph (STIS) instrument on-board the
Hubble Space Telescope (HST) has the capabil-
ity to carry out Love number measurements of
WASP-121b from TLCs. We prove this point
by using two transits observed by HST/STIS
(Section 2). In Section 3 we present the transit
model. To achieve a precise measurement of h2,
we show in Section 4 that a careful treatment
of the noise should be performed and that the
wavelet method performs well for that purpose.
Furthermore, a cautious modelling of the stel-
lar limb darkening (LD) should be used, and a
thorough analysis of the fitted stellar intensity
profile must be carried out. We conclude with
a discussion on the retrieved Love number and
its potential to better understand the physics
of inflation (Section 5).
2. DATA
We used observations of two primary tran-
sits of WASP-121b made by HST/STIS, in the
frame of the Panchromatic Comparative Ex-
oplanet Treasury (PanCET) survey (Progam
14767; P.I.s D. Sing and M. Lo´pez-Morales).
The first visit was made on October 24, 2016
(hereinafter Lv1) and the second one on Novem-
ber, 6, 2016 (hereinafter Lv2), with the G430L
grating. The data were published in Evans et
al. (2018), where the reader can find further de-
tails on the data reduction process. In Evans et
al. (2018), two other primary transits were pub-
lished (one with the G750L grating and another
with the G141 grism of the Wide Field Camera
3). However, the data of these two extra tran-
sits do not cover the ingress and egress phases of
the transit, which are important for Love num-
ber measurements (Carter & Winn 2010; Cor-
reia 2014). Accordingly, we did not use these
two transits in our analysis1. The raw white
light curves are presented in Figure 1. One can
easily identify the systematics coming from the
thermal expansion and contraction of the tele-
scope along each orbit, the so-called thermal
breathing of HST2. The treatment of such time-
correlated noise is crucial when retrieving infor-
mation from TLCs (see Section 4.1). In the next
section we briefly present the transit model used
to retrieve the Love number h2 from the TLC.
3. TRANSIT MODEL
The object WASP-121b orbits its F6V host
star at a distance of roughly 0.03 AU in about
1.3 days (Delrez et al. 2016). Considering the
1 We ran an additional analysis included these two
transits and did not obtain any improvements on the h2
measurement.
2 see STScI Instrument Science Report ACS 2008-03
4 Hellard et al.
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Figure 1. HST/STIS raw data for Lv1 and
Lv2. The systematics due to thermal breathing are
clearly visible.
mass estimates available in the literature (Del-
rez et al. 2016), this results in a planet orbiting
at 2.13 Roche radii, where the Roche radius cor-
responds to the orbital distance at which tidal
interactions overcome the planet’s self gravity.
Therefore, WASP-121b is highly deformed due
to tidal interactions with its host star, and the
planetary shape should not be modelled as a
sphere. To further support that, we calculate
a simple estimate of the radial deformation the
planet experiences due to tides. Using the val-
ues from Delrez et al. (2016) and assuming a
Jovian-like Love number h2 = 1.6, we derive
∆r2/Rp = 0.05 with Equations (2) and (4) .
A radial deformation of 5%, which translates
into roughly 3600 km, is clearly not negligible.
Therefore, we adopt the shape model described
by Hellard et al. (2019), where the radius is
given by:
r(θ, ϕ)=Rp
(
1 + q
4∑
n=2
hnPn(λ)
(
Rp
d
)n+1
(7)
− 1
3
h2(1 + q)F
2
p
(
Rp
d
)3
P2(cos(Θ))
)
,
where q is the ratio between the stellar and
planetary masses, Fp is the ratio between the
orbital and rotational periods, Θ is the obliq-
uity. We assume a circular orbit (Delrez et al.
2016) (d is equal to the semi-major axis), a syn-
chronized rotation (Fp = 1), and a rotational
axis perpendicular to the orbital plane (Θ = θ).
Because the sensitivity of the planetary Love
numbers to the interior decreases with increas-
ing degree (see, e.g., Padovan et al. 2018), we
fix h3 = h4 = 1 and assume a spherical star.
The integration of the occulted stellar area dur-
ing transit phases result in the modelled TLC
(Hellard et al. 2019). The fitted transit param-
eters are the inclination (i), the epoch (E0), the
limb darkening coefficients (LDCs, see Section
4.2), the normalized semi-major axis (d/Rs),
the normalized planetary mean radius (Rp/Rs),
and h2.
4. LIGHT CURVE ANALYSIS
4.1. Noise analysis
The noise present in the TLC may be discrim-
inated between uncorrelated noise (white noise)
and time-correlated noise or systematics (red
noise). The latter may come from stellar flares
or instrumental systematics, for instance. The
amount of white noise should not be lower than
the expected photon noise, σph, for the consid-
ered instrument, which can be approximated as
(Kjeldsen & Frandsen 1992):
σph = 0.011D
−1∆λ−1/2∆t−1/2100.2V , (8)
where D is the telescope diameter in centimeter
(240 cm for HST), ∆λ is the equivalent width of
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the filter in nanometer (280 nm for G430L), ∆t
is the exposure time in seconds (253 s), and V
is the stellar magnitude in the V band (10.4 for
WASP-121). We obtain σph = 21 ppm/
√
∆ t.
There are three major ways of modelling the
red noise. If the source and behavior of the
systematics are known, the first way consists
in fitting a function which best represents that
behavior. Examples include a first order poly-
nomial in time, a second order polynomial in
the detector position, or a fourth order polyno-
mial in the HST phase. However, the system-
atics’ behavior is often not well - or at least not
completely - understood. Therefore the second
option consists in modelling the correlated noise
through a Gaussian Process (GP). This method
requires the selection of some kernel functions,
which, in principle, should be physically moti-
vated (Foreman-Mackey et al. 2017). However,
there is no clear connection between the ther-
mal breathing of HST and the physical param-
eters on which we have a handle on. Therefore,
we did not investigate the GP method. The
last option corresponds to the so-called wavelet
method (Carter & Winn 2009). An in-depth
description of the method is beyond the scope
of this paper but we summarize here the main
idea (see also Cubillos et al. 2017). The red
noise is assumed to have a power spectral den-
sity varying as 1/fγ, where f is the frequency.
The residuals are projected onto an orthonornal
wavelet basis with two dimensions: scale and
location (in time). This transform greatly sim-
plifies the calculation of the likelihood function.
The method requires the selection of a wavelet
basis, and Wornell (1996) and Carter & Winn
(2009) recommend the fourth-order Daubechies
wavelet basis, which performs well for 1/fγ
noise. We further followed the recommendation
of Carter & Winn (2009) and fixed γ = 1, which
does not decrease the performance of the noise
analysis. In summary, the wavelet method is
parametrized by only two parameters: σw and
σr (see footnote
3). These parameters are re-
lated to the coefficients’ variance of the wavelet
transform, see Cubillos et al. (2017) for addi-
tional details.
We summarize in Table 1 the models we con-
sidered to analyze the TLCs. It is important
to note that each coefficient of any polynomial
baseline function has to be fitted separately for
the Lv1 and Lv2 data sets. Hence, we report
the total number of free parameters for the noise
models in the Table. Additionally, we always
used the wavelet method to calculate the likeli-
hood function for two reasons: (1) it may help
taking into account some systematics not well
modelled by the baseline functions, and (2) it
allows us to consistently compare the models.
Therefore, the total number of free parame-
ter for the noise model is equal to 2 (wavelet
method) plus twice the number of coefficients of
the baseline function (the factor 2 comes from
the fact that we corrected the baseline for each
visit separately).
3 Carter & Winn (2009) emphasized that while σw is
the standard deviation of the white noise, σr is generally
not the standard deviation of the correlated noise.
6 Hellard et al.
Table 1. Transit functions considered for the analysis of the light curves. In the Table, c0 is a
constant and p(xN ) denotes a N-order polynomial (without the zero-order term) in time (x = t),
Hubble Space Telescope phase (x = φ), and detector position (x = X and/or x = Y ). The symbol
tr denotes a noise-free transit curve, while w denotes the red noise component estimated from the
wavelet method. Nfree is the number of free parameters for the noise models.
Model # Baseline function Transit function Nfree
model 1 B1 = c0 + p(t
1) a tr ·B1 + w 2×2 + 2
model 2 B2 = c0 + p(t
1 + φ4 +X1 + Y 1) b tr ·B2 + w 2×8 + 2
model 3 B3 = c0 · (1 + p(φ4)) · (1 + p(X1)) · (1 + p(Y 1)) c tr ·B3 + w 2×7 + 2
model 4 B4 = 1 tr ·B4 + w 2
a(Evans et al. 2018)
b(Alexoudi et al. 2018)
c(Wakeford et al. 2018)
We used a Differential Evolution Markov
Chain (DE-MC) to explore the parameter space,
and we minimize the wavelet-based likelihood
function to obtain the posterior distributions
of all fitted parameters. We used the Python
library MC3 (Cubillos et al. 2017) with 12 par-
allel chains, each consisting of roughly 170,000
steps (2 million steps in total). We applied a to-
tal burn-in period of 140,000 steps, and checked
that convergence was reached by ensuring a
Gelman-Rubin test value smaller than 1.01 for
every parameter (Gelman & Rubin 1992).
As mentioned in Akinsanmi et al. (2019) and
Hellard et al. (2019), there is a strong corre-
lation between the planetary mean radius and
h2, and we have no prior information on these
parameters. One way to refine the Love number
estimation is to perform a two-step analysis: the
first step uses a DE-MC with uniform priors on
the planetary mean radius and h2, until a sta-
tionary distribution is reached. The second step
uses a DE-MC where the prior on the LDCs and
planetary mean radius are the posterior distri-
butions from the first step. The final distribu-
tions are used for parameter estimations. This
two-step analysis allows the DE-MC to be more
efficient, and provides refined parameter esti-
mation. It was first suggested by Dunkley et al.
(2005) and was used in various studies later on
(e.g., Umetsu & Diemer 2018; Shin et al. 2019).
A careful check of the Bayesian Information
Criterion (BIC, see Equation 9), distribution
of the residuals, and fitted white noise value
are carried out to ensure that the refinement
step best explains the data. We summarize the
change in priors in Table 2, while the BIC is
defined as (Kass & Raftery 1995):
BIC = χ2 + k ln(n), (9)
where χ2 is the usual chi-squared of the fit, k
is the number of model parameters, and n the
number of data points.
The following results are always the outputs
from the second step and we emphasize, if rele-
vant, when the refinement step decreases the fit
quality (i.e., when BIC2 > BIC1). We present
in Figures 2 - 5 the systematics-free data, best
fit, residuals, and distribution of the residuals
for each models (see Table 1).
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Figure 2. Systematics-free data and best fit (top left panel), residuals with white noise errorbars (bottom
left panel), and distribution of the residuals (right panel) for Model 1. stdres corresponds to the standard
deviation of the residuals, while the orange solid line in the right panel corresponds to the Gaussian fit of
the residuals’ distribution.
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Figure 3. Same as Figure 2 but for Model 2.
Model 1: It is clear from Figure 2 that some
periodic systematics remain in the residuals.
Furthermore, the distribution of the residuals
is far from being Gaussian, and BIC2 > BIC1.
Therefore, the first-order polynomial in time
does not properly describe the noise behavior
in this data set.
Model 2: From Figure 3 the residuals do not
exhibit any periodic behavior anymore, but
somehow the in-transit phases are better fit-
ted than the out-of-transit phases. Further-
more, the distribution of the residuals is still
not Gaussian. Overall, Model 2 describes bet-
ter the noise behavior than Model 1, and this
is reflected in a lower BIC despite the higher
number of parameters.
Model 3: From Figure 4 it is clear that the dis-
tribution of the residuals is not Gaussian, and
that the best fit does not describe well the data.
Additionally we have BIC2 > BIC1. Model 3
does not properly describe the noise behavior
in this data set.
Model 4: This assumption-free model is the
best, as shown in Figure 5. There is no periodic
behavior in the residuals, and the distribution
8 Hellard et al.
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Figure 4. Same as Figure 2 but for Model 3.
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Figure 5. Same as Figure 2 but for Model 4.
Table 2. Summary of the priors in the two-step
analysis. In the Table, post. dist. denotes posterior
distribution. The parameters not mentioned in this
Table have unchanged, uniform priors. We refer the
reader to Section 4.2 for an extensive discussion on
LD.
Parameter Step 1 Step 2
up = u1 + u2 N (0.6, 0.1) a post. dist. step 1
um = u1 − u2 N (0.4, 0.1) a post. dist. step 1
Rp/Rs U(0.05, 0.2) post. dist. fit 1
h2 U(0, 2.5) U(0, 2.5)
a(Evans et al. 2018)
of the residuals is well approximated by a Gaus-
sian. Two outliers appear in the residual time
series, but an analysis without these two points
did not lead to a significantly better result.
Most importantly, the BIC is roughly twice as
low as Model 2, because the noise model con-
tains only two parameters.
We conclude from this analysis that the wavelet
method alone best describes the noise behavior
in the TLC, without overfitting the data. With
only two parameters, it prevents the fitting of
complicated baseline models with multiple pa-
rameters. This is of particular interest when
the noise sources are not well - or not fully -
understood, as it is often the case.
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Table 3. Summary of the de-
rived BIC and Love number val-
ues, h2, for each noise model.
Model # BIC derived h2
model 1 125.61 1.35+0.71−0.79
model 2 122.0 0.95+0.73−0.60
model 3 191.73 1.31+0.70−0.77
model 4 65.60 1.39+0.71−0.81
In Table 3 we summarize the derived BIC and
Love number values for each noise model. The
errorbars present similar amplitudes, regard-
less of the model. Although all peak values are
within their 1-sigma uncertainty, their differ-
ences range from 0.04 (between models 1 and
4) to 0.44 (between models 2 and 4), which
would drastically change the interpretation of
the planetary interior. Surprisingly, the second
best model (model 2) presents the less consis-
tent peak value with the best model (model
4); and a peak value lower than 1 suggesting
non-linear effects taking place in the interior.
Therefore, the impact of the noise model in
the estimation of h2 remains high, though we
showed that the wavelet method provides the
most reliable result.
In the next subsection we perform a limb dark-
ening study, and show that a careful analysis
must be carried out when combining the wavelet
method with LD. In particular, we show that
the wavelet method can mask limb brightening.
4.2. Limb darkening study
In this subsection the model used to fit the
data is Model 4 from Table 1. We test several
LD laws, in addition to the quadratic one de-
fined as (Kopal 1950):
I(µ)
I0
= 1− u1(1− µ)− u2(1− µ)2, (10)
where µ = cos(γ), with γ the angle between
the direction to the observer and the normal to
the stellar surface. I0 is the normal emergent
intensity at the stellar center.
The logarithmic law is defined as (Klinglesmith
& Sobieski 1970):
I(µ)
I0
= 1− u1(1− µ)− u2µln(µ). (11)
The square-root law is defined as (Dı´az-Cordove´z
& Gime´nez 1992):
I(µ)
I0
= 1− u1(1− µ)− u2(1−√µ). (12)
The power-2 law is defined as (Hestroffer 1997;
Maxted 2018):
I(µ)
I0
= 1− c(1− µα). (13)
The three-parameter law is defined as (Sing et
al. 2009):
I(µ)
I0
= 1−
i=4∑
i=2
ui(1− µi/2), (14)
while the four parameter law is defined as
(Claret 2000):
I(µ)
I0
= 1−
i=4∑
i=1
ui(1− µi/2). (15)
As described in Section 4.1, we perform two fits
by updating the priors on the LDCs and plan-
etary mean radius. For the quadratic LD law
we have estimated values for the LDCs in the
G430L waveband from the literature (Evans et
al. 2018). However, no estimated values for any
other LD law are available in this specific wave-
band and/or for these stellar parameters (i.e.,
effective temperature and metallicity). From a
theoretical point of view, some tables are avail-
able in the literature for several LD law, mostly
for other wavebands relevant to the CoRoT, Ke-
pler, and TESS instruments. The Python pack-
age ldtk (Parviainen & Aigrain 2015) allows
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the user to compute theoretical model-specific
LDCs using the PHOENIX library (Husser et
al. 2013). We find that even for the quadratic
law, the theoretical LDCs are far from the fit-
ted values. Hence, we did not use any priors
from this package. Additionally, it is not clear
what the bounds for the LDCs are, especially
for the three- and four-parameter laws. Thus
one has to ensure the fitted stellar intensity
profile is nowhere negative or does not present
limb brightening. Although the latter effect
can appear in the presence of bright spots or
plages (Csizmadia et al. 2013), quiet stars are
more appropriate for such fine TLCs analyses.
Therefore, we wish to avoid limb brightening by
target selection.
We show in Figures 6 - 11 the results for each
LD law, in the same fashion as in Figures 2 -
5, but we add the best-fitted stellar intensity
profile and compare it with theoretical expec-
tations for other observing facilities. The latter
were chosen based on their wavelength cover-
age (as consistent as possible with the G430L
grating) and on the availability of LDCs tables
(King 2010; Claret & Bloemen 2011; Claret
2017; Maxted 2018). For the 3-parameter and
4-parameter laws, only the output from step 1
(see Table 2) is shown, see below for details.
Quadratic LD: Same as Model 4 in the pre-
vious section. In addition, the stellar intensity
profile is in agreement with theoretical calcula-
tions for other observing facilities.
Logarithmic LD: The standard deviation of
the residuals increases and the Gaussianity of
its distribution decreases. Furthermore we have
BIC2 > BIC1. Although the best fitted stellar
intensity profile agrees with theoretical calcu-
lations, we conclude that the stellar LD is not
properly modelled by a logarithmic law in this
data set.
Square-root LD: The standard deviation of
the residuals and derived BIC are smaller than
the ones obtained with a quadratic LD law.
The stellar intensity profile fits to theoretical
expectations in other wavebands. However,
the Gaussianity of the residual distribution de-
creases. Although the derived h2 agrees with
the quadratic LD law, the best-fit value is at the
edge of the 1σ confidence interval. Therefore,
we do not favour the square-root law.
power-2 LD: As for the square-root law, the
standard deviation of the residuals and BIC are
slightly smaller than the ones obtained with
the quadratic LD law. Furthermore, the stellar
intensity profile fits the expectations in other
wavebands. However, the Gaussianity of the
residual distribution slightly decreases. Al-
though the fitted h2 agrees with the quadratic
law, its precision somewhat decreases because
the LDCs are not well constrained. Conse-
quently we decide not to favour the power-2
law, despite the slight improvement in the fit.
We acknowledge that this law may best explain
the stellar LD in this data set, only with better
constrained LDCs.
3-parameter LD: Despite a lower standard
deviation of the residuals and BIC value than
the ones derived for the quadratic LD law, it is
striking that the transit shape is unusual. The
first indication of a low-quality model comes
from the distribution of the residuals, which
happens to be far from Gaussian. The main
scientific information indicating a wrong mod-
elling lies in the stellar intensity profile, which
exhibits limb brightening close to the stellar
center and toward the edge of the stellar disk.
4-parameter LD: The exact same comments
emphasized for the 3-parameter LD law hold
for the 4-parameter law. The standard devia-
tion of the residuals and the BIC value are even
smaller. However, the stellar intensity profile
shows a limb brightening close to the stellar
center and toward the edge of the stellar disk.
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Figure 6. Systematics-free data and best fit (top left panel), residuals with white noise errorbars (bottom
left panel), distribution of the residuals (middle panel), and stellar intensity profiles (right panel) for the
quadratic LD law. stdres corresponds to the standard deviation of the residuals, while the orange solid line
in the middle panel corresponds to the Gaussian fit of the residuals’ distribution.
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Figure 7. Same as Figure 6 but for the logarithmic LD law.
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Figure 8. Same as Figure 6 but for the square-root LD law.
In Table 4 we summarize the derived BIC and
Love number values for each LD law. The
peak values remain consistent with each other,
with differences ranging from 0.02 (between the
quadratic, logarithmic, and square-root laws) to
0.05 (between the logarithmic, square-root, and
power-2 laws). The peak value of the second
best law (power-2, 1.36) is only lower than the
one of the best law (quadratic, 1.39) by 0.03.
Therefore, it appears that the impact of the
limb-darkening modelling in the determination
of h2 is weaker compared to the impact of the
systematics’ modelling (see Section 4.1).
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Figure 9. Same as Figure 6 but for the power-2 LD law.
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Figure 10. Same as Figure 6 but for the 3-parameter LD law. Output from step 1.
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Figure 11. Same as Figure 6 but for the 4-parameter LD law. Output from step 1.
We showed that in the presence of poorly con-
strained LDCs, one has to be very cautious
when using the wavelet method for correlated
noise analysis. This method may mask limb
brightening while still providing a reasonable
light curve. Hence, one must verify the distri-
bution of the residuals, and most importantly,
the fitted stellar intensity profile. We found
that a quadratic law best describes the stel-
lar LD in this data set. This is in agreement
with most transit light curve analyses, since
quadratic LDCs are the most studied, hence
the most constrained. The community should
strive to improve our understanding of stellar
LD as it plays a crucial role in transit curve
analysis in general, and in the precision of Love
number measurements in particular.
5. DISCUSSION
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Table 4. Summary of the derived
BIC and Love number values, h2, for
each LD law.
LD law BIC derived h2
quadratic 65.60 1.39+0.71−0.81
logarithmic 84.12 1.41+0.71−0.82
square-root 63.86 1.41+0.71−0.82
power-2 62.11 1.36+0.73−0.82
3-parameter 62.31 a —
4-parameter 56.86 a —
aBIC output from step 1. These
LD laws present nonphysical limb
brightening, therefore we do not re-
port the derived Love number.
The analysis presented in the previous Sec-
tion leads to a tentative 2-sigma detection of
the Love number, h2 = 1.39
+0.71
−0.81, and the poste-
rior distributions of the transit parameters are
summarized in Figure 12. Even though the un-
certainty is high, it is essential to note that the
peak of the distribution is far from 0, a value
corresponding to a spherical body. Addition-
ally, the peak is not far from the latest Jovian
measurement of 1.62 (Iess et al. 2018), and it
matches the measurement for Saturn of 1.39
(Lainey et al. 2017). We performed two addi-
tional analyses where we either set 1.0 as h2’s
lower bound (as the interior of the hot Jupiter
WASP-121b is expected to be in hydrostatic
equilibrium) or extended the bounds on h2 to
0 < h2 < 3.5 (to accommodate unexpected
distortions) but found no improvement in the
estimation of h2.
Hellard et al. (2019) showed that a maximal
white noise level of 90 ppm/
√
1 minute is re-
quired to reliably retrieve h2. We calculated a
white noise level of σw = 148 ± 85 ppm/
√
∆t
for one complete observed transit. Assuming
the systematics can be removed as showed in
Section 4.1, the white noise level reached af-
ter N complete observed transits, per minute
exposure, σN , is given by:
σN = σw
√
∆t
1 minute
√
1
N
. (16)
Using σw = 148ppm/
√
∆t and Equation (16),
we deduce that 12 complete observed transits
are needed to reach 90 ppm/
√
1 minute. While
this is valid for the G430L grating, the required
number of observed transits could decrease by
using a wider wavelength coverage (e.g., the
G141 grism of the Wield Field Camera 3). This
proves that the Hubble Space Telescope has the
capability to carry out Love number measure-
ments.
Theoretical models for homogeneous H-He plan-
ets indicate that an object with the mass of
WASP-121b would have a radius similar to
Jupiter (e.g., Fortney et al. 2007). The mea-
sured 1.9 RJup indicates beyond doubt that
WASP-121b is an inflated hot-Jupiter. Sev-
eral mechanisms have been proposed to provide
a suitable energy source for the inflation of hot-
Jupiters, with Ohmic dissipation (Batygin &
Stevenson 2010) being possibly the most likely
(Thorngren & Fortney 2018). The interior den-
sity profile of a non-inflated planet with the
mass of WASP 121b would be relatively well
approximated by a polytropic relation of index
n = 1 (Guillot 2005), which has a fluid Love
number h2 of about 1.52 (using the Matrix-
propagator approach, see Padovan et al. 2018).
The lower central value of 1.39 inferred in this
study provides a further confirmation of the
inflated nature of WASP-121b. Given the de-
pendence of h2 on the density profile in the
interior (e.g., Padovan et al. 2018), and the
different locations of the energy deposition for
different inflation mechanisms (e.g., Komacek,
& Youdin 2017), improving the error bars on fu-
ture determinations of h2 of hot-Jupiters, using
14 Hellard et al.
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Figure 12. Posterior distributions and correlation plots of the transit parameters (noise Model 4 and
quadratic LD law, see Section 4). Dotted lines represent the mean and 68% interval confidence, while the
plain blue line corresponds to the best fit.
the method proposed here, will provide a direct
way to better constrain the physics of inflation.
6. CONCLUSIONS
Using two primary transits of WASP-121b
precisely observed by the Imaging Spectro-
graph on-board the Hubble Space Telescope,
we tested the instrument capability for Love
number measurements. We first performed a
thorough noise analysis and showed that the
wavelet method alone best describes the time-
correlated behaviour of the noise, without the
need to fit complicated baseline functions with
many parameters. Second, we performed a stel-
lar limb darkening study and found that it is
best described by a quadratic law. Most im-
portantly we emphasized that, in some cases,
the wavelet method can mask limb brightening
when the limb darkening coefficients are poorly
constrained. Therefore we strongly encourage
the community to further study stellar limb
darkening processes, as it plays a crucial role in
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fine transit modelling. Our analysis provided a
tentative 2-sigma detection of the Love number:
h2 = 1.39
+0.71
−0.81, in which the impact of the noise
modelling in its determination was found to be
stronger than the impact of the limb darken-
ing modelling. We showed that a total of 12
complete observed transits are required to pre-
cisely estimate h2 with the G430L grating. This
number could decrease by increasing the wave-
length coverage, e.g., using the G141 grism of
the Wide Field Camera 3. A precise estimate of
h2 would refine the constraints on the interior
of WASP-121b and provide direct insights on
the physics of inflation.
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